Abstract
INTRODUCTION
Greece is characterized by a diverse local geomorphology and geography, with a combination of mountains, valleys and beaches throughout the country. This morphology influences the climate of Greek towns, but in general the climatic type of Greece is known as Mediterranean type (Csa). Precipitation is one of the most important variables in order to analyze climatic data and this can be attempted if there is availability of long time series of rainfall data. It is understood that the interest of meteorologists is focused on heavy floods in large cities. One characteristic event was observed on November 2 nd 1977 in Athens, as 38 deaths were noted [1] . For this purpose, studying the precipitation's records is more than important in order to output the rainfall's profile of a region and to predict extreme rainfall events for both economic and social reasons. At the same time, heavy precipitation over most areas will be frequent as SRES scenarios of IPCC indicate for the 21 st century. The last boosts the society's interest in a prediction of extreme rainfall events, as the public is interested in climate changes results [2] [3] [4] [5] [6] .
It is known that extreme events, such as extreme precipitation records, occur on a small, temporal and local scale. So, the objective of this work is to analyze the extreme daily rainfall values in Thessaloniki-the second in population biggest city in Greece located at the northern part of it-during the period 1931-2015. The data are analyzed in order to identify and detect the extreme heights of precipitation. Then the heavy daily rainfalls are examined and studied. The ultimate goal is met through the use of Extreme Value Statistic's methodologies, deriving thus the extreme probabilities distributions for the extreme daily records during the examined period. These distributions are focused on extreme and rare precipitation events, using three types of parameters; location, scale and shape. The probability distributions are mapped out and the results could potentially contribute in the prediction of extreme rainfall events.
DATA AND METHODOLOGY
The data used in this study are annual, seasonal, and daily measurements of precipitation, obtained at the Meteorological Station of the Department of Meteorology and Climatology of the Aristotle University of Thessaloniki for the 85-year period . For the purpose of this study, an extreme precipitation record was formed by establishing a threshold of 30 mm/day [7] on the above mentioned dataset. Thus, the data set of this study consists of the daily rainfall events that exceed or are equal to 30 mm, while daily rainfall events less than the threshold value are ignored. Hence, the extreme precipitation record of the study consists of a total of 140 extreme precipitation events throughout the 85 years of the study period.
Regarding the analysis of the data set, statistical methods, such as the 11-year moving average and the Mann Kendal (M-K) [8] [9] test, were applied in order to determine and describe the profile of the extreme precipitation record's trend fluctuation. Furthermore, goodness-of-fit (GOF) tests were performed in order to identify, on a theoretical level, and to calculate the probability distribution of the extreme value record. Finally, using the existing data, projections were made in order to calculate the return periods and future events, based on statistical characteristics of the records.
More specifically, the 11-year moving average, along with the M-K test, is used in order to detect changes in the precipitation record. The M-K test indicates the existence of an increasing or decreasing trend during the time series. This is achieved by comparing the null hypothesis (H 0 ), where no trend exists, as the data are random and independent, with the alternative one (H 1 ), where a trend is present. The value of Z indicates the significance of the trend; if Z>Z α/2 , where α is the chosen significant level (for example, for significant level 5%, Z 0.025 =1.96), the H 0 hypothesis derives to a significant upward/downward trend [4] .
The extreme precipitation record, consisting of 140 events, was tested through three goodness-of-fit tests, namely Kolmogorov-Smirnov (K-S), Anderson-Darling (A-D) and Chi-Squared (X 2 ) [10] , in order to measure the compatibility of this data set to a total of sixty statistical distributions in order to detect the best fitted probability distribution. This is achieved by measuring the compatibility of the given data set with the theoretical functions of the probability distributions, all this by comparing the null hypothesis (H 0 ), where the data set follows a specific distribution, to the alternative one (H 1 ), where it does not follow a specific distribution. In each one of the three tests, the probability distributions were ranked, and the distribution ranked first was pointed out, based on the minimum statistic value of each test. Among the three identified probability distributions, the best fitting one is defined as the one with the minimum absolute deviation between actual and estimated values, produced by generating random numbers from the parameters of the three prevailing probability distributions.
Furthermore, it is of utmost importance to derive the return periods (recurrence interval) of extreme rainfall events, based on the already existing extreme precipitation record. Thus, if n is defined as the total number of values and m is defined as the rank of each value in a decreasing mode, the probability of the m th value, x m , is calculated as follows;
while the return period T is calculated as follows;
where x T is the return level [11] .
RESULTS
The annual rainfall time series for the 85-year period is shown in Figure 1 . The linear trend was plotted in the time series, but it did not keep on during the whole period, because of the low coefficient of determination. The basic statistical analysis indicated that the annual mean, the standard deviation, and the coefficient of variation were: 465.0 mm, 106.0 mm, and 22.8%, respectively. In addition, it is important to highlight the two maximum of annual records observed in 1987 and 2014, with the precipitation reaching the values of 650.4 mm and 912.2 mm, respectively. They represent the second and the first annual rainfall records for the examined station of Thessaloniki, since the 1892. On the other hand, it is worth mentioning the three significant lower values, remarked in 1932, 1977, and 2000.
In order to filter the short-term precipitation fluctuations, the 11-year moving average method was adopted and the oscillation on rainfall values during the study period is shown in Figure 2 . Namely, the three highest and two lowest points indicated the maximum and minimum rainfall values, separating the 85-year period into five either short, or long, periods with upward and downward trends (applying the M-K test in these periods, positive, negative, significant, or non-significant trends will be discussed). A short first increasing trend was observed from 1937 to 1940, and a short first decreasing was remarked from 1940 to 1943. Subsequently, a positive trend was noticed from 1943 to 1967. The interest in Figure 2 is focused on the period after 1969, when a decreasing trend was noticed until 1996. After that point, a positive trend was calculated until the end of the study period. The most important is that the last two periods (1969-1996 and 1996-onwards) were characterized by steep slopes of curves, negative and positive, respectively. The last increasing trend from 1996 onwards could be reflected by the extreme rainfall record in 2014, where the height of precipitation for this year was the all-year precipitation record, reaching the value of 912 mm.
The 10-and 12-year averages of annual records were plotted considering the percentage departures from the mean value (cf Fig. 3 ). There were nine and seven periods of 10-and 12-year averages. These diagrams provided positive and negative percentages, as they were characterized as wet and dry periods, respectively. Indeed, one could notice that negative percentages stood out at total. More detailed description should indicate that the last period in 10-year study, 2010-2015, provided an extreme high percentage (almost 10.0%). In contrast, the last period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) for the 12-year average study pointed out less positive percentage than the above period. This is understood if one considers that the last five years in the study period could be characterized by very high rainfall values; two years of them had greater than 550 mm and 2014 greater than 900 mm. The daily data of precipitation during the study period were analyzed and filtered, and records with values greater than or equal to 30 mm were distinguished into five groups according to the interval of rainfall values and they are presented in Figure 4 . The most interesting was noticed in the interval with height ≥ 60.0 mm, and especially in the highest records during the 85-year period on the 24 th of November in 1985 and 16 th of July in 2014, with the daily records reach in 98.0 mm and 107.3 mm, respectively. Furthermore, the daily precipitation data were organized into regular seasons and agricultural seasons (agro-). The last was necessary, as Greece is an agricultural country and the knowledge of dry and wet periods is extreme important for the cultivation of lands. To this end, the twelve months are grouped into four agro-seasons as indicated by Karacostas and Pennas [12] that are: agro-spring: Apr, May, agro-summer: Jun, Jul, Aug, Sep, agro-autumn: Oct, Nov, agro-winter: Dec, Jan, Feb, Mar. For the daily rainfall, the threshold of 30 mm was considered for the above periods, and the results were plotted in Figure 5 . The maximum number of days with heights ≥ 30 mm was noticed in autumn (52 days) and in agro-summer (51 days). In contrast, the minimum number of days above the threshold was remarked in spring (26 days) and in agrospring (17 days). These are probably due to the relocation of the months of March and September.
The study is statistically fulfilled performing the M-K test and the Extreme Value Statistics for the 85-year period in Thessaloniki. The M-K test described upwards and downwards trends for annual, seasonal, and agro-seasonal periods. The Table 1 was completed by incorporating the standard deviations and correlation coefficients for each group described earlier. One could notice that S and Z parameters are positive only for spring, agro-spring, and agro-summer, indicating an upward trend. In general, there is no statistically significant trend for the whole period at a 95% confidence level. In addition, correlation coefficient provides results for the degree of contribution of each season, regular and agricultural, to the mean annual precipitation. In Table 1 , one could see that, in case of regular seasons, autumn contributed more in the mean annual rainfall and winter less, as the correlation coefficients were r = 0.64 and r = 0.28, respectively. Further, during the agricultural season, agro-winter presented the highest coefficient (r = 0.60) and agro-spring the lowest one (r = 0.21). The 140 extreme daily precipitation cases identified for the examined period were used as input information into sixty statistical distributions in order to detect the best fitted probability distribution. Following the study, the Kolmogorov-Smirnov (K-S), the Anderson-Darling (A-D), and the Chi-Squared (X 2 ) tests were applied as GOF distribution to the data. The results of the best fitted extreme probability distribution for the 140 daily cases are presented in Table 2 and depicted in Figure 6 . Studying Table 2 , it is well understood that the Generalize Pareto distribution is indicated as the best fitted distribution for the 140 cases with precipitation ≥ 30 mm/day. Table 2 . The fitted distributions for the 140 cases with daily precipitation ≥ 30 mm/day for the period 1931-2015 in Thessaloniki. The best fitted probability distribution is the Generalized Pareto distribution.
Using the aforementioned extreme probability distributions, the projections in return periods about the extreme precipitation records could be made. So, the return periods of events could be predicted using theoretical distributions, based on historical data (observations). The frequency of the extreme events to re-occur is plotted in Figure 7 . One could observe that the highest encountered daily precipitation record of 107.3 mm could be re-occurred in 280 years. Moreover, the return period for the second daily precipitation record of 98.0 mm is once every 93 years. Figure 7 could be a very useful tool for future developments within the major area of Thessaloniki. 
CONCLUSIONS
The trends of the annual, seasonal, and agro-seasonal precipitation's records were analyzed in Thessaloniki over the 85-year period of 1931-2015. During the study period, in 2014 the annual precipitation measured was extreme high reaching the value of 912.2 mm. This remains the highest annual rainfall record from 1892 in Thessaloniki. The study was extended on the daily basis and the threshold of 30 mm/day was used in daily records in order to identify extreme precipitation events to apply the extreme value statistical methodologies. Indeed, there were two extreme records, during the last 85 years, in 24 th of November in 1985 (98.0 mm) and in 16 th of July in 2014 (107.3 mm). The last is the highest daily precipitation measured during the last 124 years in Thessaloniki. Further, applying the M-K test, positive and negative trends were identified over the study period. There is no statistically significant trend for the whole period at a 95% confidence level. More specific, there were positive trends only for spring, agro-spring, and agro-summer.
Moreover, the Generalized Pareto probability distribution was indicated as the best fitted distribution for the 140 cases above the threshold of 30 mm/day during the last 85 years in Thessaloniki. Using this type of probability, the return periods of the most highly records of 98 mm and 107.3 mm were investigated. For this purpose, the height of precipitation was plotted versus re-occurrence intervals, and the line designed is a leader for the return periods discussion. It was shown that the highest daily precipitation record measured at 107.3 mm can be re-occurred in 280 years, and the return period for the height of 98.0 mm is once every 93 years. It will be a very good idea for a future work if this study is used as a subject to analyze the significant changes before and after the climate change. Also, further studies are needed on monthly basis in order to detect the degree of influence of the monthly records changes in seasonal records.
